for safety assessment of the transient heat transfer process in a VHTR. The obtained thermal hydraulic characteristics may be used for simulation on the bypass flow in the horizontal gaps of the flow network.
There are few experimental and analytical works on this issue as far as authors know. Soliman and Johnson (1968) analytically obtained a temperature change in plate by taking into account the turbulent boundary around the plate by double Laplace transformation methods. However, the solution of heat transfer coefficient for water is 50% higher than their experimental data. Kataoka, et al. (1983) conducted the transient experiment of water which flows in parallel to a cylinder, and obtained an empirical correlation for the ratios between the transient heat transfer coefficient and steady state one in term of one non-dimensional parameter composed of period, velocity, and heater length. The simulations for transient heat transfer are also difficult due to the complex thermal hydraulic phenomena. Tak, et al. (2008) analyzed the typical fuel assembly of a prismatic VHTR by using a three-dimensional computational fluid dynamics (CFD) software, CFX 11. They simulated the 1/12 section by applying the standard k-ε turbulence model with the scalable wall function, however, there are several significant distortion of the temperature profile when they were studying the effect of the bypass gap size. Therefore, for an evaluation of the final design of a fuel assembly, a detailed assessment is required. Tochio and Nakagawa (2011) numerical simulated thermal-hydraulic for the HTTR with STAR-CD ○ R code. They calculated both steady-state (normal operation) and transient state (coolant flow reduction test). However, when it comes to transient state, the calculated RPV (Reactor Pressure Vessel) temperature and lower permanent reflector block temperature have large differences from measured ones. Liu and Fukuda (2002) , Liu, et al., (2008a Liu, et al., ( , 2008b obtained the experimental data and correlations for parallel flow of helium gas over a horizontal cylinder and a plate. They investigated the diameter-effect of cylinders and the geometric effect of heaters on transient heat transfer. Meanwhile, they also did some simple numerical studies on transient heat transfer (Liu, et al. 2006) .
However, there is no reliable correlation for the prediction of transient temperature on a plate heater and no reliable numerical model for the simulation of transient heat transfer.
In this paper, a series of flat plate with different widths under various periods, velocities and pressures inside a circular channel have been experimentally tested and numerically analyzed by using ANSYS FLUENT 14 for forced convection transient heat transfer for helium gas flowing over the plate. The heat generation rate of the platinum heater was increased with a function of Q 0 exp(t/) (where t is time and  is period of heat generation rate or e-fold time). Heat transfer coefficients for helium gas at various plate widths were obtained. Based on the experimental data and analytic results, a semi-empirical correlation for heater surface temperature was obtained. Furthermore, numerical solution was carried out to clarify the plate temperature changes with time at various periods and velocities. 
Nomenclature

Experimental apparatus and method
Experimental apparatus was reported in previous works (Liu, et al. 2006 (Liu, et al. , 2008a (Liu, et al. , 2008b . The experiment apparatus is composed of gas compressor, flow meter, test section, surge tank, cooler, the heat input control system, and the data measurement and processing system. The vacuum pump was used to degas the loop and test section. The gas was circulated by the compressor, and the fluctuations of gas flowing and pressure due to compressor were removed with the surge tanks. Moreover, the gas temperature inside the loop was heated to the desired temperature level by a pre-heater, and cooled by a cooler before the gas flows into the compressor. Flowing rate in the test section was measured with the turbine meter, and the pressure was measured with the pressure transducer. Flat plates were used as the test heaters. The test heater was made of platinum with widths of 2 mm, 4 mm and 6 mm, and thicknesses of 0.1 mm. It was heated by direct current from a power source. The heat generation rates of the heater were controlled and measured by a heat input control system. The heat generation rate was raised with exponential function, Q  = Q 0 exp(t/). Where, Q  is heat generation rate, W/m 3 , Q 0 is initial heat generation rate and equals to 30 MW/m 3 which has the same power equivalent to the VHTR, t is time, s, and  is e-fold time or period of heat generation rate, s. A smaller or shorter period means a higher increasing rate of heat generation. The average temperature, T a (K) of the test heater was measured by resistance thermometry using a double bridge circuit including the test heater as a branch. The heat flux on the surface of test heater, q, is calculated by the following equation.
Where, h  , h c and  are the density, specific heat, and thickness of the test heater, respectively.
Following unsteady heat conduction equation was used to calculate instantaneous surface temperature of the test heater by assuming the surface temperature around the test heater to be uniform. The physical properties of the fluid were calculated based on the film temperature, T f = (T s + T b )/2. Where, T s and T b are the test heater surface temperature, and the bulk gas temperature, respectively.
The uncertainties of the measurement of the heat generation rate, the heat flux of the test heater, and the heater surface temperature are estimated to be ±1%, ±2%, and ±1 K, respectively (Liu, et al. 2008a) . And the uncertainty for the obtained heat transfer coefficient is estimated to be ±2.5%. Figure 1 shows a three-dimensional sketch of test section. The test heater was mounted horizontally along the center part of the circular test channel, which is made of stainless steel (20 mm in the inside diameter, D). The length of the circular channel can be thought as an infinite channel for the test section was connected with a pipe (the length of the pipe equals to 400 mm (= 20D)) which has the same inner diameter with the channel. Platinum plate with length of 46 mm, 50 mm and 56 mm for plate-width of 2 mm, 4 mm, and 6 mm was used as the test heater and the ends of the test heater were connected to two copper plates with a thickness of 0.5 mm and then were connected to two copper electrodes. Two fine platinum wires (0.05 mm in diameter) were spot welded to the central parts of the plate as potential conductors. The effective length of the heater between the potential taps on which transient heat transfer was measured was 39.8 mm, 39.8 mm and 50.5 mm for plate-width of 2 mm, 4 mm, and 6 mm, respectively.
Experimental results and discussion
Experimental Conditions
The transient heat transfer experimental data were measured for the periods of heat generation rate (e-fold time) ranged from 46 ms to 17 s at gas temperatures of 303 K and 313 K. The system pressure ranged from 400 kPa to 800 kPa. The flow velocities ranged from 4 m/s to 10 m/s. The corresponding Reynolds numbers were ranged from 3000 up to 20,000. The heat generation rate was raised with an exponential function, Q  = Q 0 exp(t/τ). Figure 2 shows typical experimental data of the time-dependence of heat generation rate, Q  , surface temperature difference, T(T=T s -T b ), and heat flux, q, at the gas temperature of 303 K and the heat generation rate increasing periods of 1.8 s, 0.45 s, and 0.09 s, respectively. The gas flow velocity is 8 m/s and the width of plate is 2 mm. As shown in this figure, heat generation rate, surface temperature difference and heat flux increase more rapidly while the period is shorter. It is understood that the surface temperature difference and heat flux increase exponentially as the heat generation rate increases with exponential function. Figure 3 shows the heat transfer coefficients at various velocities and periods of heat generation rate. The gas temperature is 303 K for helium gas, and the pressure is 800 kPa. The heater width is 2 mm and the inlet velocity of helium gas is ranged from 4 m/s to 10 m/s. The heat transfer coefficient, h, becomes to approach asymptotic value at each velocity when  is longer than about 1 s. The heat transfer process in this region transmits heat as well as usual convective heat transfer through the thermal boundary layer influenced by the flow of helium gas. It is called the quasi-steady-state heat transfer here. On the other hand, when the period,  is shorter than about 1 s, h increases as  shortens. This shows that the heat transfer process is in the unsteady state. As shown in Fig.3 , the heat transfer coefficient increases with velocity at each period.
Experimental data of heat generation rate, surface temperature difference, and heat flux
Transient heat transfer coefficients at various velocities and periods for different plate-widths
The transient heat transfer experimental data were measured at pressures ranged from 400 kPa to 800 kPa. The effect of pressure has been discussed in a former paper (Liu, et al. 2009 ). It has been found that the heat transfer coefficients are higher for higher pressures: they increase up to 50% as the pressure increases from 400 kPa to 800 kPa. It is considered that the pressure shows a strong influence on the heat transfer coefficient. This is because the heat transfer coefficient is affected by the thermal physical properties of the gas, particularly by the increasing density with the pressure. The pressure increase will increase the density of the flow, and the density increase will result in the Reynolds number increase under the same velocity. The Reynolds number increase will finally leads to the increase of the heat transfer coefficient as known in the general convective heat transfer.
In the above discussions, we did not discuss the contribution of natural convection heat transfer on the forced convection heat transfer. The natural convection heat transfer (heat flux) can be estimated by a correlation reported by Takeuchi, et al. (1995) . They are less than about 5.1% of the measured heat flux. On the other hand, the radiation contribution was also estimated to be less than 0.27% of the measured heat flux (Liu, et al. 2008a ). Based on the estimations, the natural convection and radiation effects are small and can be neglected in this research. Figure 4 shows the heat transfer coefficients at various plate widths and periods at a velocity of 8 m/s and a pressure of 500 kPa. As shown in Fig. 4 , it can be found that the heat transfer coefficient for the narrow heater is higher than that for the wider one when they are in the same conditions (velocity, period and pressure). It is considered that the heat transfer increment caused by the "edge effect" along the heater for narrow plate is more significant than that for the wide one. To explain the edge effect, we can have an investigation on the boundary layer surrounding the plate. The boundary layer of one-side plate surface will asymptotically deflect to the boundary layer of the contrary-side surface in the area near the edge (as shown in Fig.1 ) of the plate. As a result, the boundary layer on the plate edge appears a thinner one compared to the boundary layer on the plate surface and the heat transfer coefficients in such area will be higher than that in the central area of the plate surface. We call the effect of this as "edge effect". The edge effect for narrow plate will be higher than that for wide one due to the higher ratio of edge effect for narrow plate.
By a further study on the quasi-steady state and transient state, we found that these two states are related to the temperature difference and its time derivative. Therefore, a parameter  Assuming the temperature distribution in the plate being uniform (Lumped-heat-capacity method), we obtain following equation based on energy balance in the plate.
If we further assume that the heat capacity of the test plate is extremely small (the right term of Eq. (6) equals to 0) and substitute Q  = Q 0 exp(t/) into this equation then the parameter *=
=1/. This is an interesting relation between the temperature increasing rate and the period of heat generation rate. According to the data in Figs. 3 and 4, the heat transfer is divided into two ranges at the boundary of about  = 1 s. Then parameter * exactly equals to 1 at  = 1 s, for >1 s, * <1, the heat transfer is at quasi-steady state, and for <1 s, * > 1, it is at transient state.
Equation (6) and T can express the growth rate of internal energy and convective heat transfer. It is considered that the internal energy growth may be related to the growth of temperature gradient near the interface between the heater and helium gas. It can also be regarded that when  * is larger than 1 s -1 the internal energy grows faster than convective heat transfer. In other word, the conductive heat transfer will grows faster than convective heat transfer either. Therefore, after a certain time (t/ > 4), the conductive heat transfer predominates the heat transfer. On the contrary, the convective heat transfer predominates the heat transfer for  * is smaller than 1 s -1 .
Semi-empirical correlation for heater temperature difference
Semi-empirical correlation
It can be found that the time derivative of heat generation rate can be expressed as follows:
By taking the derivative of Eq. (6) and substituting (dT/dt) = (dT/dt) and Eq. (7) into it, a new equation may be expressed as:
Substituting Eq. (8) into Eq. (6) we obtained:
By solving Eq. (9) 
Comparison of experimental results with the semi-empirical correlations
Figures 6(a) and 6(b) indicate the comparison of temperature difference between experimental data and the semi-empirical correlation (Eq. (10)). As can be seen from the figures, the agreement of T revealed by Figs. 6 (a) and (b) between the semi-empirical correlations and the experimental data for the plate-width 2mm and 4 mm is quite satisfactory. They agree within 3%. Figure 7 shows the physical model in this numerical solution. The heater was mounted horizontally along the center axis of the circular channel, which is 20 mm in diameter. Plate with width of 4 mm and thickness of 0.1 mm was used as the test heater. The heater is 50 mm length. Fluid and heater are helium and platinum plate, respectively. Forced convection transient heat transfer for helium gas flowing over single plate was numerically calculated.
Numerical solution
Physical model
Following assumptions were made to obtain the numerical solution. 1) Non-compressible helium gas is considered.
2) There are no heat transfer between the current conductors and the heater, and also no heat transfer between the current conductors and the fluid. The current conductors are only considered as solid that influence the flow field.
Basic equations, models and solve methods
ANSYS FLUENT 14 was used in this numerical solution. For the fluid, mass, momentum and enthalpy conservation equations take the following forms, respectively (ANSYS Inc., 2012). 
, S h = 0 for helium gas and S h = Q  for plate heater. For the purpose of applying the turbulence model, a wall treatment must be applied. The wall treatment deals with the turbulence quantities in the region adjacent to the wall. Of course, the wall treatment is very important to the prediction of heat transfer coefficient. The dimensionless distance y + which means the distance from the wall adjacent node to the wall has been considered for all the cases. In our cases two kinds of wall functions were tested, one is y + = 1 for Enhanced Wall Treatment and another is y + = 30 for Standard Wall Treatment, respectively. Three turbulence models have been employed to test which is the best one for the transient heat transfer. They are as follows:
There are two kinds of solvers in FLUENT 14. They are the Pressure-Based solver and the Density-Based solver. The solution methods can be expressed as Fig. 8 . The specific information of the cases was listed in Table 1 . Figure 9 shows the comparison for average surface temperature (T sa ) with time between numerical results and the experimental data at the period of 1.68 s. The average surface temperature was estimated by using the method of area weighted average. The area-weighted average of the temperature is computed by dividing the summation of the product of the selected field temperature (Ti) and facet area (Ai) by the total area of the surface (A):
Comparison of numerical results with experimental data
It can be found that case 7 is the closest approach to experimental result as shown in Fig. 9 , and the heat flux also agrees well with the experimental data as indicated in Fig.10 . They agree within 6% for both average surface temperature and heat flux.
For the purpose of confirming case 7, we also simulated transient and quasi-steady state heat transfer for a) to (c) the surface temperature of the heater increases with the passage of time exponentially and the increase is more rapidly while the period is shorter. On the other hand, the heat flux also increases exponentially. The trend of temperature and heat flux evolutions along time is consistent with experimental results as indicated in Fig.2 . Furthermore, the numerical results of the average surface temperature agree well with the experimental data as shown in Figs. 11 (a) -(c) . The difference is less than 3% for the periods ranged from 0.09 s to 1.8 s, which include transient state and quasi-steady one. It is considered that the RNG k-model was derived using a statistical technique called renormalization group theory and has such refinement. While the standard k- model is a high-Reynolds number model, the RNG theory provides an analytically-derived differential formula for effective viscosity that accounts for low-Reynolds number effects. Effective use of this feature depends on an appropriate treatment of the near-wall region. In this research, the Reynolds number for the plate is low so the RNG model is considered to be appropriate. We also tried both of the wall treatment which FLUENT can provide (enhanced wall treatment and standard wall function). By comparing the numerical solutions at cases 1 to 7 with experimental data, we finally confirmed that case 7 is the best. (Marty, et al., 2008) . The thickness of temperature boundary layer can be found different for different  as shown in Figs.12 (a) and (b). Therefore, for a further study, a comparison of temperature boundary layer has been shown in Fig.13 . The temperature boundary layer for  = 0.09 s is thinner than that for  = 1.8 s for the same X position as shown in Fig.13 . It is considered that the development of temperature boundary layer is slower than the increment of wall temperature at transient state. Therefore, the temperature boundary layer is thin and heat conduction is high due to high temperature gradient. As a result, the effect of heat conduction on transient heat transfer at transient state is higher than that at quasi-steady state. Meanwhile, the effect of convective heat transfer for both state is almost the same due to equal Reynolds number. Therefore, the heat transfer coefficient for transient state is higher than that for quasi-steady state as indicated in Fig.3 and Fig.4 . As indicated in Figs. 9 to 13, the numerical solution method of case 7 has a good agreement with the experimental data under wide period (τ) range of heat generation rate (Figs. 9 to 11) and the results can indicate the difference between transient state and quasi-steady state during transient heat transfer process (Figs. 12 to 13 ). In view of this, this solution method can be applied to calculate the convective transient heat transfer. It is also expected to be valid to a further work on simulating thermal hydraulics in a VHTR.
Conclusions
Forced convection transient heat transfer from single horizontal plates with various widths was theoretically and experimentally studied. Following results were obtained.
(1) The heat transfer coefficient approaches the quasi-steady state one for the period  over about 1 s, and it becomes higher for the period  shorter than about 1 s.
(2) Experimental data for plates with various widths were obtained. The effect of plate widths was clarified and the edge effect on heat transfer for different plate widths was clarified.
(3) A semi-empirical correlation was obtained to express the temperature difference with time. (4) A numerical method was confirmed to apply to transient heat transfer. Solution results on average surface temperature were obtained. They are agreement with authors' experimental data.
(5) The semi-empirical correlation was obtained based on the Lumped-heat-capacity method and measured heat transfer coefficients. The numerical solution was obtained based on RNG model. Both of the methods are compared with the experimental data and agreed well, respectively.
